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1. Introduction {#sec0004}
===============

Urinary tract infections (UTIs), mainly caused by Uropathogenic *Escherichia coli* (UPEC), are one of the most common bacterial infections worldwide, which induce cystitis, pyelonephritis, and prostatitis in humans, and cause serious economic and medical burdens \[[@bib0001], [@bib0002]\] UPEC colonization in the urinary tract is important for its pathogenesis, while adhesion and invasion to epithelial cells are necessary for effective colonization \[[@bib0003], [@bib0004]\]. Therefore, inhibiting UPEC colonization during UTIs is an effective strategy to prevent related diseases.

Many kinds of fimbriae have been found in UPEC strains, with eight to thirteen fimbrial gene clusters present in each isolate [@bib0005]. Fimbriae mediate diverse functions, such as adherence and biofilm formation. For example, type 1 fimbriae stimulates UPEC infection of bladder epithelial cells [@bib0006], and P fimbriae enhances UPEC colonization in the kidney [@bib0007]. Fimbrial tip adhesins recognize specific receptors on host cells to promote bacterial adhesion and invasion [@bib0008]. FimH and PapG have been identified as the respective tip adhesin for Type 1 and P fimbriae \[[@bib0007], [@bib0009], [@bib0010]\].

UTIs are usually treated with antibiotics; however, UPEC strains can be found in the urinary tract for weeks after antibiotic treatment, and multidrug-resistant strains are increasing, highlighting the importance of developing alternative treatment strategies [@bib0011], [@bib0012], [@bib0013]. Some anti-adhesion agents, such as mannosides for type 1 fimbriae and globotetraose for P fimbriae, have been developed as non-antibiotic therapies for UTIs \[[@bib0014], [@bib0015]\]. Identification of the other adhesins that are important for UPEC infections and the corresponding anti-adhesion agents could lead to novel strategies to treat UTIs.

Yad fimbriae is frequently found in UPEC \[[@bib0005], [@bib0016]\]. Yad fimbriae plays a role in avian pathogenic *E. coli* pathogenicity \[[@bib0017], [@bib0018]\] and participates in binding to bladder epithelial cells and biofilm formation [@bib0019]. YadC was identified as a potential tip adhesin of Yad fimbriae [@bib0020].

Annexin A2 (ANXA2) is widely distributed in various cells, including endothelial cells, monocytes, and epithelial cells, and is involved in many biochemical processes such as cell proliferation, endocytosis, autophagy, and membrane trafficking [@bib0021], [@bib0022], [@bib0023], [@bib0024]. ANXA2 can reversibly bind to negatively charged membrane phospholipids in a calcium-dependent manner \[[@bib0025], [@bib0026]\], and localizes on the membrane mainly as a stable heterotetramer, which comprises two molecules each of ANXA2 and p11 (S100A10) to form the ANXA2/p11 complex (A2t). S100A10 is a member of the S100 family of EF hand-type Ca^2+^-binding proteins, intracellular S100A10 participates in the trafficking of several proteins, including ANXA2, to the plasma membrane. In the complex, ANXA2 may protect S100A10 from being rapidly polyubiquitinated and degraded, and S100A10 increases the Ca^2+^ sensitivity of ANXA2 and its capacity to bind membranes and F-actin [@bib0027]. ANXA2 was identified as a potential receptor for *Pseudomonas aeruginosa* and viruses \[[@bib0028], [@bib0029]\], and was reported to be involved in bacterial and viral infections of epithelial cells [@bib0030], [@bib0031], [@bib0032]. However, the role of ANXA2 in UPEC infection has not been reported.

In the present study, YadC was identified to play an important role in UPEC adhesion and invasion to bladder cells and colonization during acute cystitis. D-xylose targeting YadC had the potential to prevent and treat UPEC infections. ANXA2 was identified as a YadC receptor involved in UPEC infection, and ANXA2 inhibitors showed the potential to treat UPEC infections.

2. Materials and methods {#sec0005}
========================

2.1. Cell lines, bacterial strains, and plasmids {#sec0006}
------------------------------------------------

The sources of the cell lines are as follows: 5637 (ATCC HTB-9, RRID: CVCL_0126), T24 (ATCC HTB-4, RRID: CVCL_0554). The bacterial strains and plasmids used are listed in Table S1. Bacterial strains were grown at 37 °C in Luria-Bertani (LB) broth and on LB agar plates for 12 h, with the appropriate antibiotics when required in the following concentration: chloramphenicol at 25 μg/ml; kanamycin at 50 μg/ml; and tetracycline at 10 μg/ml. The Δ*yadC* and Δ*fimA* strains were generated by substitution of *yadC* with a *cat* gene or *fimA* with a *kan* gene respectively using the lambda red recombination system [@bib0033]. To construct the complemented strains (Δ*yadC p-yadC* and Δ*fimA*Δ*yadC p-yadC*), *yadC* was amplified by PCR, cloned into pACYC184, and transformed into the Δ*yadC* or Δ*fimA*Δ*yadC* strains. To get HA and FLAG-tagged YadC protein, the *yadC* of CFT073 was amplified by PCR and cloned into pET-28a (+) and then transformed into *E. coli* BL21. The cDNA encoding ANXA2 was amplified from 5637 cells cDNA and cloned into pET-28a (+) to produce the ANXA2 recombinant protein.

2.2. Adhesion and invasion assays {#sec0007}
---------------------------------

About 10^5^ cells were grown in 24-well plates until confluence at 37 °C in 5% CO~2,~ and then incubated with bacteria that were grown overnight at 37 °C at the indicated multiplicity of infection (MOI). To block type 1 fimbriae, 1% mannose was used simultaneously with infection. Plates were centrifuged at 600 × g for 5 min to facilitate bacterial contact with the host cell monolayer. One hour after incubation at 37 °C in 5% CO~2~, cell monolayers were washed five times with PBS and digested by 500 μl trypsin for 5 min at room temperature. Then 500 μl PBS was added into each well for 10 min. Adherent bacteria were enumerated by plating serial dilutions on LB agar plates. The cells were vigorously washed and lysed with 1 ml 0.2% Triton X-100 for 15 min, and total infected bacteria were enumerated by plating serial lysate dilutions on LB agar plates. For invasion assays, after the initial 1 h incubation, the cells were washed three times with PBS and treated with 100 μg/ml gentamicin for 1 h to kill extracellular bacteria. Then cells were washed three times with PBS, lysed with 1 ml of 0.2% Triton X-100 for 15 min, and lysate dilutions were plated on LB agar plates to enumerate the intracellular bacteria.

2.3. Immunofluorescence analysis of cells {#sec0008}
-----------------------------------------

Cells were grown in a LAB-TEK glass 4-well chamber slide and incubated overnight at 37 °C in 5% CO~2~. Cells were washed with PBS and infected with bacteria grown overnight at 37 °C for 2 h, washed with PBS, fixed with 4% paraformaldehyde for 30 min and permeabilized with 0.5% Triton X-100 for 15 min. Then cells were blocked with 3% bovine serum albumin (BSA) containing 10% goat serum for 1 h at room temperature, incubated with *E. coli* LPS antibody (Abcam, Cambridge, UK, ab 35654, 1:200, RRID: AB_732222) in blocking buffer overnight at 4 °C. After that, cells were washed five times with PBS, and incubated with Alexa Fluor 488-labeled secondary antibody (Proteintech, Chicago, IL, USA, 1:200) for 1 h at room temperature. Then, 100 nM Rhodamine Phalloidin (Cytoskeleton, Denver, CO, USA) in PBS was used to label F-actin, and the nuclei were counterstained with DAPI. For colocalization of ANXA2 with HA-YadC, 5637 cells were incubated with HA-YadC protein or PBS for 8 h, and antibodies specific for the HA tag (Cell Signaling Technology, Danvers, MA, USA, 2367S, 1:200, RRID: AB_10691311) and ANXA2 (Proteintech, 11256-1-AP, 1:200, RRID: AB_2057311) were used. Images were captured using a confocal fluorescence microscope (FV1000-D, Olympus, Tokyo, Japan). For colocalization of ANXA2 with bacteria, 5637 cells were infected with CFT073 which were grown overnight at 37 °C for 1 h, and antibodies specific for *E. coli* LPS antibody (Abcam, ab 35654, 1:200) and ANXA2 (Proteintech, 11256-1-AP, 1:200) were used. Images were captured using a confocal fluorescence microscope (TCS-SP8, Leica, Germany).

2.4. Motility assay {#sec0009}
-------------------

Bacteria were grown overnight at 37 °C in LB broth, then cultures of each strain were stabbed into the center of soft agar plates (0.3% agar). The diameter of motility was measured after incubation for 24 h at 30 °C.

2.5. Hemagglutination (HA) assay {#sec0010}
--------------------------------

Bacteria were grown at 37 °C in LB broth and harvested by centrifugation (4000 × g, 5 min). The pellets were resuspended in PBS to an initial suspension of 10^10^ CFU/ml and serially diluted 2 folds in microtiter wells and then mixed with an equal volume of a 3% (v/v) guinea pig erythrocytes in the absence or presence of 1% mannose. The hemagglutination was monitored visually after 2 h of incubation at 4 °C, the agglutination titer was recorded as the most diluted bacterial sample giving a positive aggregation reaction.

2.6. Mouse model of acute UTIs {#sec0011}
------------------------------

Female C57BL/6J mice, aged 6--8 weeks, were purchased from the Academy of Military Medical Science (Beijing, China) and randomly divided into different groups. All animal experiments were performed according to the standards in the Guide for the Care and Use of Laboratory Animals (Institute of Laboratory Animal Resources of National Research Council, United States). All mouse studies were approved by the Animal Ethics Committee of Tianjin Medical University and Tianjin Institute of Pharmaceutical Research New Drug Evaluation Co. Ltd (IACUC number: 2017071902), Tianjin, China. We made every effort to minimize animal suffering and to reduce the number of animals used. The model of urinary tract infection was established as previously described [@bib0034]. Bacterial strains were grown statically in LB at 37 °C overnight. These cultures were spun at room temperature for 5 min at 5000 × g, resuspended in PBS to dilute to approximately 2 to 4 × 10^9^ CFU/ml. After deeply anesthetized with 1.5% pentobarbital sodium, the mice were inoculated with 50 μl of this suspension (∼1 to 2 × 10^8^ CFU) into the bladder via transurethral catheterization and sacrificed at 12 and 24 h post infection (hpi). Their bladders were removed aseptically, homogenized in 1 ml of PBS containing 0.025% Triton X-100, serially diluted and plated on LB agar plates for enumeration. Bladders were also used for immunofluorescence analysis or H&E staining.

2.7. Immunofluorescence analysis of tissues {#sec0012}
-------------------------------------------

Bladders were aseptically harvested, embedded in OCT compound with liquid nitrogen. Frozen sections (5 μm) were cut and air-dried at room temperature for 20 min and fixed with cold acetone for 10 min. The tissues were then immediately submerged in methanol for 20 min and 3% hydrogen peroxide in methanol for 10 min. After rehydration in PBS, sections were blocked with 5% BSA for 1 h, incubated with *E. coli* antibody (Abcam, ab 13627, 1:200, RRID: [AB_30051](nif-antibody:AB_30051){#interref0001}) and Uroplakin Ⅲ antibody (Abcam, ab 187299, 1:200) or Annexin A2 antibody (Proteintech, 11256-1-AP, 1:200, RRID: AB_2057311) in blocking buffer overnight at 4 °C. After that, coverslips were washed five times with PBS, and incubated with Alexa FITC/594-labeled secondary antibody (Proteintech, 1:200) for 1 h. Finally, the tissue sections were counterstained with DAPI for nuclei visualization. Images were acquired using an IX73 fluorescent microscope (Olympus).

2.8. D-xylose treatment {#sec0013}
-----------------------

Cell infected with bacteria were performed as described above with or without 0.5 mg/ml D-xylose, after 1 h of infection at 37 °C in 5% CO~2~, the adhered and invaded bacteria were enumerated. D-xylose was diluted in PBS and administered to 6--8 week-old C57BL/6J mice at a dose of 100 mg/kg, and mouse urine was collected at different time points after the oral gavage to detect urine D-xylose concentrations as described previously **\[**[@bib0035]\]. Developer solution (5 ml, 0.5 g of phloroglucinol in 10 ml of glacial acetic acid and 6 ml of concentrated hydrochloric acid) were added to 50 μl of mice urine or xylose standard solutions, mixed well, and reacted for 10 min at 100 °C, then cooled to room temperature. The absorbance was then read at 550 nm.

To evaluate the prophylactic effect, one dose of D-xylose was given via oral gavage 30 min before transurethral inoculation with CFT073 (10^8^ CFU). The mice were sacrificed and their bladders were processed for analysis of viable bacteria at 3 hpi. To evaluate the therapeutic effect, D-xylose was given by gavage 3 h after CFT073 infections, and mice were sacrificed and the bladder bacteria titers were enumerated at 4 h after treatment.

2.9. Protein purification {#sec0014}
-------------------------

Expression of YadC and ANXA2 were performed in *E. coli* BL21 (DE3) and Rosetta (DE3), respectively. Bacteria were cultivated at 37 °C until an OD~600~ of 0.6 to 0.8, inducted with 0.1 mM IPTG and incubated at 30 °C for 6 h (for YadC) or with 0.5 mM IPTG and incubated at 37 °C for 4 h (for ANXA2). Cultured bacteria were harvested by centrifugation (8000 × g for 5 min at 4 °C), and the proteins were purified using the Ni-NTA Purification System (GenScript, Nanjing, China), washed with 50 mM washing buffer, and eluted with 250 mM imidazole. Elution products were pooled, dialyzed and subsequently concentrated to an appropriate volume. The final protein concentration was determined using a BCA Protein Assay Kit (23225, Thermo Scientific, Waltham, MA, USA).

2.10. Far-western blotting and LC-MS/MS analysis {#sec0015}
------------------------------------------------

Far-western blotting was performed as previously described [@bib0036]. Membrane proteins were extracted using a Membrane and Cytosol Protein Extraction Kit (Beyotime Biotechnology, Shanghai, China) according to the manufacturer\'s protocol. Samples were separated by SDS-PAGE and transferred to PVDF membrane (Merck Millipore, Darmstadt, Germany). Membranes were blocked in 5% skim milk in TBST buffer for 2 h. Purified HA-tagged YadC or vector protein were added at a concentration of 30 μg/ml and incubated for another 2.5 h at room temperature. After washing five times, the membrane was incubated with anti-HA antibody (CST, C29F4, 1:1000, RRID: AB_1549585) overnight at 4 °C and then incubated with HRP-conjugated anti-Rabbit IgG (Sigma-Aldrich, 1:10000) after washing five times.

The differential protein bands were identified by LC-MS/MS, performed using a nanoLC-LTQ-Orbitrap XL mass spectrometer (Thermo, San Jose, CA, USA) coupled with an Eksigent nano LC 1D plus HPLC system in Majorbio (Shanghai, China). Tryptic peptides were fully enzymatically digested and ionized using nano electrospray ionization. Data were analyzed using a full-scan mass spectrum (300 to 1800 m/z). Finally, Proteome Discoverer (version 1.4.0.288, Thermo Scientific) was used to analyze the MS data.

2.11. Immunoprecipitation (IP) assays {#sec0016}
-------------------------------------

Purified FLAG-YadC protein was added to 5637 cells and incubated for 12 h. The cells were then lysed with lysis buffer (0.2 mM EDTA, 50 mM Tris-HCl (pH7.4), 150 mM NaCl, 1% NP-40). Whole cell lysates were incubated with anti-FLAG M2 beads (A2220, Sigma-Aldrich) for 12 h at 4 °C for FLAG-tagged protein IP. For ANXA2 protein IP, cell lysates were incubated with anti-ANXA2 antibody (Proteintech, 60051-1-lg) for 12 h at 4 °C, and then incubated with Protein A/G agarose (Thermo Fisher, 20241) for 2 h at 4 °C. Normal Mouse IgG (CST, 3420S, RRID: AB_1549744) was used as the control. After incubation, the precipitates were collected by centrifugation, washed five times with the lysis buffer, and analyzed by immunoblotting (IB) using anti-FLAG antibody or anti-ANXA2 antibody. The same amount of purified recombinant FLAG-tagged YadC and ANXA2 protein were incubated in binding buffer (20 mM Tris-HCl (pH 7.4), 0.1% Triton-X 100, 100 mM NaCl, 20% glycerin, 1% BSA) for 12 h. The resulting complexes were then used to perform FLAG-tagged protein IP or ANXA2 protein IP, followed by immunoblotting.

2.12. Immunohistochemistry (IHC) {#sec0017}
--------------------------------

Bladder was fixed in 10% phosphate-buffered formalin for 48 h. The fixed tissue was then embedded in paraffin and cut into 5 μm sections. For immunohistochemistry analysis, sections were stained with anti-ANXA2 antibody (Proteintech, 11256-1-AP, 1:200). Images were acquired under a microscope (BX46, Olympus, Tokyo, Japan).

2.13. RNA interference {#sec0018}
----------------------

siRNAs for the targeted genes and a scrambled control siRNA (siScr) were synthesized by GenePharma (Shanghai, China). The siRNAs were transfected into 5637 cells using Lipofectamine 3000 (Invitrogen). Forty-eight hours post-transfection, the cells were analyzed for target protein expression by qRT-PCR and western blotting. The sequences of the siRNAs are listed in Table S2.

2.14. RNA extraction and qRT-PCR {#sec0019}
--------------------------------

RNA was extracted from siRNAs-transfected 5637 cells using a Total RNA Extraction Kit (Solarbio, Beijing, China) according to the manufacturer\'s protocol. RNA was converted to cDNA using a RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific). β-actin was used as the endogenous control and data were normalized based on the transcription level of β-actin in the negative control and then analyzed using the comparative critical threshold cycle 2^−∆∆Ct^ method [@bib0037]. The primers used are listed in Table S2.

2.15. Western blotting {#sec0020}
----------------------

Whole cell lysates were prepared using RIPA lysis buffer (Millipore), with complete protease inhibitors (Roche, Basel, Switzerland). After estimating the protein concentration with BCA Protein Assay Kit (Thermo Fisher), 10--50 μg (per lane) of the cell lysates or co-immunoprecipitation (co-IP) products were subjected to SDS-PAGE and then blotted onto a polyvinylidene difluoride membrane (Millipore). The HRP conjugated anti-rabbit IgG (1:10000, Sigma-Aldrich) or anti-mouse IgG (1:10000, Sigma-Aldrich) were used to reveal antibody binding. Immunoreactive complexes were detected using Immobilon Western Chemiluminescent HRP Substrate (Millipore) and exposed to a GE Amersham Imager 600 machine.

2.16. ANXA2 inhibitor treatment {#sec0021}
-------------------------------

Compounds A-05 and A-07 were synthesized partially according to the protocol reported by Dekker and co-workers [@bib0038] and confirmed by ^1^H NMR, ^13^C NMR and HRMS (Supplementary Methods, Fig. S5). 5637 cells were treated with BAPTA-AM (5 μM) (Selleckchem, Houston, Texas, USA), compound A-05 (2.5 μM) or A-07 (1 μM) diluted in DMSO for 1 h, washed with PBS, then infected by UPEC for 1 h, and adhered and invaded bacteria were enumerated. For in vivo treatment, BAPTA-AM (2 mg/kg), compound A-05 (0.1 mg/kg), or DMSO were transurethrally injected into the bladder 1 h before bacterial infection, and mice were sacrificed at 24 hpi.

2.17. H&E staining {#sec0022}
------------------

The bladders were fixed in 10% phosphate-buffered formalin for 48 h and embedded in paraffin. Sections (5 μm) were used for H&E staining. Images were acquired using a microscope (BX46, Olympus). For histopathology analysis, bladder inflammatory scores were determined blindly on H&E stained sections of bladders as previously described [@bib0039]. 0 = normal, 1 = subepithelial cell inflammatory infiltration (focal and multifocal), 2 = edema and subepithelial inflammatory cell infiltration (diffuse), 3 = marked subepithelial inflammatory cells with necrosis and neutrophils in and on bladder mucosal epithelium, 4 = inflammatory cell infiltrate extends into muscle in addition to criteria for grade 3, 5 = loss of surface epithelium (necrosis with full-thickness inflammatory cell infiltration).

2.18. Phylogenetic analysis {#sec0023}
---------------------------

The MLST profile for each strain was assigned based on the nucleotide sequences of the seven housekeeping genes using MLST databases (<http://mlst.warwick.ac.uk/mlst/>) [@bib0040], and the sequences of the seven MLST genes from each strain were combined and used to construct the phylogenetic tree. A phylogenetic tree based on the alignments of DNA sequences was constructed using the maximum likelihood in MEGA 5 with 1000 bootstrap experiments [@bib0041].

2.19. Statistical analysis {#sec0024}
--------------------------

Data are presented as the mean ± SD. The statistical significance of the differences between groups was calculated using a two-tailed Student\'s *t*-test, one-way ANOVA analysis or two-way ANOVA analysis of variance using the SPSS 20 software (IBM Corp., Aemonk, NY, USA). To analyze the bacterial titers in the UTI mouse models, the non-parametric Mann-Whitney test and the Kruskal--Wallis test were used to calculate the statistical significance.

3. Results {#sec0025}
==========

3.1. YadC is involved in adhesion and invasion of UPEC to bladder epithelial cells {#sec0026}
----------------------------------------------------------------------------------

To study the role of YadC in UPEC adhesion and invasion to bladder epithelial cells, the UPEC wild-type strain CFT073, Δ*yadC* (deletion of *yadC* gene), and Δ*yadC p-yadC* (the complemented strain) were used to infect bladder cell lines 5637 and T24. Δ*yadC* exhibited an attenuated ability to adhere and invade to 5637 and T24 compared with CFT073 and Δ*yadC p-yadC* ([Figs. 1](#fig0001){ref-type="fig"}a, b and S1a--c). In immunofluorescence assays, the percentages of bladder cells associated with Δ*yadC* were reduced compared with those with CFT073 and Δ*yadC p-yadC* ([Fig. 1](#fig0001){ref-type="fig"}c), while no difference was found for the motility of these strains (Fig. S1d). As type 1 fimbriae has been reported to play an important role in UPEC adhesion and invasion to bladder epithelial cells, we examined whether the effect of YadC depended on type 1 fimbriae. Based on the hemagglutination assays, the production of type 1 fimbriae was slightly decreased in both Δ*yadC* and Δ*yadC p-yadC* as compared with CFT073 (Table S3). In order to avoid the type 1 fimbriae effect, Δ*fimA* (deletion of the *fimA* gene, which is involved in type 1 fimbriae assembly), Δ*fimA*Δ*yadC* (deletion of both *fimA* and *yadC* genes), and Δ*fimA*Δ*yadC p-yadC* strains, were constructed, and all these strains express no type 1 fimbriae (Table S3), and no significant difference was found for their motility (Fig. S1d). In adhesion and invasion assays, Δ*fimA*Δ*yadC* showed decreased adhesion and invasion abilities ([Figs. 1](#fig0001){ref-type="fig"}d, e and S1e). In addition, when we used 1% mannose to block type 1 fimbriae, the YadC effect was unchanged (Fig. S1f and g). These results indicate that YadC promotes UPEC adhesion and invasion to bladder epithelial cells independently of type 1 fimbriae.Fig. 1YadC is involved in UPEC adhesion and invasion to bladder epithelial cells.Fig 1Adhesion (a) and invasion (b) assays of CFT073, Δ*yadC* or Δ*yadC p-yadC*. 5637 cells were infected with bacteria at an MOI of 15 (*n* = 3). (c) Immunofluorescence analysis of 5637 cells infected with CFT073, Δ*yadC* or Δ*yadC p-yadC* at an MOI of 5 for 2 h (*n* = 3, three combined independent experiments each with four different fields). Blue, nucleus; Green, LPS; Red, F-actin. The percentage of associated cells was calculated by total bacteria-associated cells dividing total cells in all fields. Scale bar, 20 μm. Adhesion (d) and invasion (e) assays of Δ*fimA*, Δ*fimA*Δ*yadC*, or Δ*fimA*Δ*yadC p-yadC*. 5637 cells were infected with bacteria at an MOI of 50 (*n* = 3, three independent experiments). Data are the mean ± SD, one-way ANOVA, \**P* \< 0.05, \*\**P* \< 0.01.

3.2. YadC promotes UPEC colonization during acute bladder infections {#sec0027}
--------------------------------------------------------------------

To examine the role of YadC during acute UTIs, female C57BL/6J mice were transurethrally infected with 10^8^ CFU of CFT073, Δ*yadC*, or Δ*yadC p-yadC* strains, respectively. Bacterial titers in bladder infected by CFT073 or Δ*yadC p-yadC* at 12 and 24 hpi were obviously higher than those in bladder infected by Δ*yadC* ([Fig. 2](#fig0002){ref-type="fig"}a). Lower colonization of Δ*yadC* compared with CFT073 and Δ*yadC p-yadC* were also observed in immunofluorescence assays ([Fig. 2](#fig0002){ref-type="fig"}b). In addition, bacterial titers in bladder infected by Δ*fimA*Δ*yadC* were obviously lower than those by Δ*fimA* and Δ*fimA*Δ*yadC p-yadC* ([Fig. 2](#fig0002){ref-type="fig"}c). These results indicate that YadC promotes UPEC colonization in bladder, which is independently of type 1 fimbriae.Fig. 2YadC promotes UPEC colonization during acute bladder infections.Fig 2(a) Bacterial titers in the bladders of mice infected by CFT073, Δ*yadC*, or Δ*yadC p-yadC* at 12 hpi (*n* = 8, two independent experiments) and 24 hpi (*n* = 9, three independent experiments). (b) Immunofluorescence analysis of bladder tissues at 24 hpi. Blue, nucleus; Green, *E. coli*; Red, Uroplakin III of bladder epithelial cells. Scale bar, 500 μm and 50 μm. (c) Bacterial titers in bladder of mice infected with Δ*fimA*, Δ*fimA*Δ*yadC* or Δ*fimA*Δ*yadC p-yadC* at 24 hpi (*n* = 10 to 11, three independent experiments). Data are the mean ± SD, Kruskal--Wallis test, \**P* \< 0.05, \*\**P* \< 0.01.

3.3. D-xylose targeting YadC has prophylactic and therapeutic effects on decreasing UPEC colonization {#sec0028}
-----------------------------------------------------------------------------------------------------

Binding of D-xylose to YadC, impedes *E. coli* K12 adhesion to intestinal epithelial cells [@bib0020]. As YadC plays an important role in UPEC colonization in bladder tissues, we hypothesized that D-xylose could be used as an anti-adhesion agent to prevent and treat UTIs. In the in vitro experiments, D-xylose reduced the bacterial titers of 5637 cells adhered and invaded by CFT073 or Δ*yadC p-yadC* without any effect on bacterial growth ([Figs. 3](#fig0003){ref-type="fig"}a, b and S2a, b). However, D-xylose did not inhibit Δ*yadC* infection ([Fig. 3](#fig0003){ref-type="fig"}a and b). Infection of bladder cells with three clinical UPEC strains was also inhibited by D-xylose ([Fig. 3](#fig0003){ref-type="fig"}c). These results demonstrate that D-xylose impedes the association of UPEC with bladder cells by interacting with YadC.Fig. 3D-xylose targeting YadC has the prophylactic and therapeutic effects on decreasing UPEC colonization.Fig 3Adhesion (a) and invasion (b) assays of CFT073, Δ*yadC* or Δ*yadC p-yadC*. 5637 cells were infected with strains at an MOI of 15 in the presence of PBS or D-xylose (0.5 mg/ml), respectively (*n* = 3). (c) Bacteria associated with 5637 cells infected with three clinical UPEC strains at an MOI of 15 in the presence of PBS or D-xylose (0.5 mg/ml), respectively (*n* = 3). (d) The D-xylose concentration in urine of mice administered by oral gavage (100 mg/kg; PO, *per os*). The dotted line represents the D-xylose concentration (0.5 mg/ml) used in the in vitro assays. (e) Bacterial titers in bladder of mice orally administered with D-xylose (100 mg/kg) or PBS 30 min before transurethral inoculation with CFT073 (10^8^ CFU). Bacterial titers were assessed at 3 hpi (*n* = 8, two independent experiments). (f) Bacterial titers in bladder of mice orally administered with D-xylose (100 mg/kg) or PBS 3 h after transurethral inoculation with CFT073 (10^8^ CFU). Bacterial titers were assessed at 4 h after the administration of D-xylose or PBS (*n* = 16, three independent experiments). Data are the mean ± SD, two-way ANOVA (a, b), Student\'s *t*-test (c), or Mann--Whitney *U* test (e and f), \**P* \< 0.05, \*\**P* \< 0.01.

We further investigated whether D-xylose had the prophylactic and therapeutic potential to treat UPEC infection in vivo. Female C57BL/6J mice were given 100 mg/kg D-xylose via oral gavage, and a D-xylose absorption test showed that the concentrations of D-xylose were highest in urine at 1 and 2 h after PO (*per os*) administration. The D-xylose concentrations were higher than 0.5 mg/ml (the D-xylose concentration that had an effect in the in vitro experiments) from 1 to 5 h after treatment ([Fig. 3](#fig0003){ref-type="fig"}d). The body weights of all animals were measured for a week after PO, and no apparent toxicity was observed, as measured by observable physiological changes, body weights, and survival (Fig. S2c). To examine the prophylactic effect of D-xylose, female C57BL/6J mice were orally administered with 100 mg/kg D-xylose or PBS at 30 min before transurethral inoculation with 10^8^ CFU of CFT073, and bacterial titers in bladder tissues were determined at 3 hpi. To examine the therapeutic effect of D-xylose, mice were administered with 100 mg/kg D-xylose or PBS 3 h after CFT073 infection, and bacterial titers in bladder were determined after 4 h of administration. Significantly fewer bacteria were observed in mice treated with D-xylose compared with those treated with PBS ([Fig. 3](#fig0003){ref-type="fig"}e, f). These results demonstrate that D-xylose has a potential to prevent and treat UPEC infection in mice.

3.4. ANXA2 is a receptor for YadC {#sec0029}
---------------------------------

To identify the YadC receptor in bladder epithelial cells, recombinant HA-tagged YadC was incubated with 5637 membrane-associated proteins, and the specific band detected using far-western blotting was identified as ANXA2 using LC-MS/MS ([Fig. 4](#fig0004){ref-type="fig"}a). To confirm the interaction of YadC and ANXA2, co-immunoprecipitation assays were performed. After incubating with FLAG-tagged YadC for 12 h, 5637 cell lysates were immunoprecipitated with anti-FLAG or anti-ANXA2 antibody followed by immunoblotting with anti-ANXA2 or anti-FLAG antibody, respectively. The results showed that YadC was efficiently co-immunoprecipitated with endogenous ANXA2, and vice versa ([Fig. 4](#fig0004){ref-type="fig"}b). To further verify the direct interaction between YadC and ANXA2, ANXA2 and FLAG-YadC proteins purified from *E. coli* strains were used to perform co-IP experiments, which showed direct interactions between YadC and ANXA2 ([Fig. 4](#fig0004){ref-type="fig"}c). In immunofluorescence assays, ANXA2 was highly expressed in 5637 cells, and interestingly, YadC treatment induced the aggregation of ANXA2, and co-localization of YadC with endogenous ANXA2 was detected ([Fig. 4](#fig0004){ref-type="fig"}d). Furthermore, ANXA2 was found colocalized with cell-associated bacteria ([Fig. 4](#fig0004){ref-type="fig"}e). In addition, ANXA2 was highly expressed in bladder epithelium, as analyzed by immunohistochemistry (Fig. S3a) and immunofluorescence assays ([Fig. 4](#fig0004){ref-type="fig"}f), and UPEC appeared to be co-localized with ANXA2 in infected tissues ([Fig. 4](#fig0004){ref-type="fig"}f). Taken together, these results indicate that ANXA2 is a receptor for YadC in bladder epithelial cells.Fig. 4ANXA2 is a receptor for YadC.Fig 4(a) Analysis of 5637 cell membrane proteins binding to HA-YadC by far western blotting and LC-MS/MS. The peptides detected and peptide coverage percentage of ANXA2 are shown. Detected peptides belonging to ANXA2 are indicated in red. (b) Co-immunoprecipitation analysis of the interaction between FLAG-YadC with ANXA2 in 5637 cells. α, anti-. (c) Co-immunoprecipitation analysis of the interaction between the purified ANXA2 and FLAG-YadC protein. (d) Immunofluorescence analysis of ANXA2 and HA-YadC localization in 5637 cells. Blue, nucleus; Green, ANXA2; Red, HA. Scale bar, 20 μm. (e) Immunofluorescence analysis of ANXA2 and *E. coli* localization in 5637 cells. Blue, nucleus; Red, LPS; Green, ANXA2. Scale bar, 8 μm. (f) Immunofluorescence analysis of ANXA2 and *E. coli* localization in mouse bladder tissue infected with CFT073. Blue, nucleus; Green, *E. coli*; Red, ANXA2. Scale bar, 500 μm and 50 μm.

3.5. ANXA2 is involved in YadC-mediated UPEC infection of bladder epithelial cells {#sec0030}
----------------------------------------------------------------------------------

Next, we investigated whether ANXA2 is responsible for YadC-induced UPEC infection of bladder epithelial cells. Infection by CFT073 decreased significantly in 5637 cells transfected with siRNA targeting ANXA2 compared with that in cells transfected with a scrambled control siRNA; however, no difference was found upon Δ*yadC* infections between ANXA2 knockdown cells and control cells ([Figs. 5](#fig0005){ref-type="fig"}a and S3b, c). BAPTA-AM is a cell permeable cytosolic calcium chelator without damage to cells [@bib0042]. As ANXA2 binds membrane phospholipids in a Ca2^+^-dependent manner [@bib0025], we used it as an inhibitor to impede ANXA2 function, as reported in other studies [@bib0032]. 5637 cells were treated with BAPTA-AM or DMSO for 1 h before infection with UPEC, and the adhesion and invasion of CFT073 or Δ*yadC* to cells were evaluated. In accordance with the results found in ANXA2 knockdown cells, inhibition of ANXA2 using BAPTA-AM decreased CFT073 infection but had no effect on Δ*yadC* infection ([Fig. 5](#fig0005){ref-type="fig"}b, c), and BAPTA-AM had no effect on bacterial growth (Fig. S4a). Compounds reported to inhibit the ANXA2 and S100A10 interaction [@bib0038], were used to examine if they could inhibit YadC-mediated UPEC infection. Compounds A-05 and A-07, previously named as compound 35 and 37, were synthesized partially according to methods reported by Dekker (Fig. S5) [@bib0038], and were used to treat 5637 cells for 1 h before infection with CFT073 or Δ*yadC*. Compound A-05 or A-07 compared with DMSO significantly decreased adhesion and invasion of CFT073 but had no effect on that of Δ*yadC* ([Fig. 5](#fig0005){ref-type="fig"}d, e). A-05 and A-07 also showed no effect on bacterial growth (Fig. S6a and b). These results show that YadC-mediated UPEC infection of bladder epithelial cells is dependent on its receptor ANXA2.Fig. 5ANXA2 is involved in YadC-mediated UPEC infection.Fig 5(a) Associated bacteria in 5637 cells transfected with scrambled siRNA or siRNA targeting ANXA2 and infected with CFT073 or Δ*yadC* in serum-free RMPI 1640 **(***n* = 3**)**. Adhesion (b) and invasion (c) assays of bacteria to 5637 cells treated with BAPTA-AM (5 μM) or DMSO for 1 h and infected with CFT073 or Δ*yadC* in serum-free RMPI 1640 (*n* = 3**)**. Adhesion (d) and invasion (e) assays of bacteria to 5637 cells treated with compounds A-05 (2.5 μM), A-07 (1 μM), or DMSO for 1 h and infected with CFT073 or Δ*yadC* in serum-free RMPI 1640 (*n* = 3**)**. Cells were infected with bacteria at an MOI of 15 for 1 h. Data are the mean ± SD, two-way ANOVA, \**P* \< 0.05, \*\**P* \< 0.01. Bacterial titers in bladder (f) or representative images of H&E staining of bladder tissues (g) of mice transurethrally administered with BAPTA-AM (2 mg/kg) or DMSO 1 h before transurethral inoculation with CFT073 or Δ*yadC* (10^8^ CFU). Bacterial titers were assessed at 24 hpi (*n* = 10 to 14, three independent experiments). Pathological scores are shown in the right (*n* = 4, three independent experiments). Bacterial titers in bladder (h) or representative images of H&E staining of bladder tissues (i) of mice transurethrally administered with compound A-05 (0.1 mg/kg) or DMSO 1 h before transurethral inoculation with CFT073 or Δ*yadC* (10^8^ CFU, *n* = 7 to 8, three independent experiments). Pathological scores are shown in the right (*n* = 4, three independent experiments). Scale bar, 500 μm and 50 μm. Data are mean ± SD. Mann--Whitney *U* test. \**P* \< 0.05, \*\**P* \< 0.01.

3.6. Inhibition of ANXA2 using BAPTA-AM or compound A-05 attenuates UPEC infection in vivo {#sec0031}
------------------------------------------------------------------------------------------

To further confirm the role of ANXA2 in YadC-mediated UPEC infection in bladder, we evaluated effects of BAPTA-AM and compound A-05 on UPEC infection in vivo.

Female C57BL/6J mice were administered with 2 mg/kg BAPTA-AM or DMSO transurethrally 1 h before inoculation with 10^8^ CFU of CFT073 or Δ*yadC*, and bacterial titers in bladder tissues were determined at 24 hpi. Significantly fewer bacteria were observed in the mice treated with BAPTA-AM compared with those treated with DMSO when infected with CFT073; however, no effect of BAPTA-AM was found for bacterial colonization when the mice were infected with Δ*yadC* ([Fig. 5](#fig0005){ref-type="fig"}f). In addition, we examined the effect of BAPTA-AM on bladder tissue damage by H&E staining. The dose of BAPTA-AM used did not destroy the structure and integrity of bladder epithelial cells without infection as shown by H&E staining (Fig. S4b). BAPTA-AM treatment obviously decreased edema and infiltrated immune cells induced by CFT073 infection; however, it had no effect on bladder tissues infected with Δ*yadC* ([Fig. 5](#fig0005){ref-type="fig"}g).

Female C57BL/6J mice were transurethrally administered with 0.1 mg/kg compound A-05 or DMSO 1 h before infected with 10^8^ CFU of CFT073 or Δ*yadC*. CFT073 colonization was decreased in mice treated with compound A-05 compared with those treated with DMSO ([Fig. 5](#fig0005){ref-type="fig"}h). However, Δ*yadC* infection was not affected by compound A-05 ([Fig. 5](#fig0005){ref-type="fig"}h). Compound A-05 decreased edema and infiltrated immune cells in bladder tissues infected by CFT073 in H&E staining analysis ([Fig. 5](#fig0005){ref-type="fig"}i), but it did not induce bladder damage without infection (Fig. S6c). In addition, the effect of compound A-05 on infections by UTI89 (another UPEC strain commonly used) or UTI89 Δ*yadC* (*yadC* deletion strain derived from UTI89) was also examined, and results similar to those for CFT073 were obtained (Fig. S6d and e).

3.7. The yadC gene is widely present in UPEC strains {#sec0032}
----------------------------------------------------

Among the 63 UPEC strains with available genome sequences, we found that 47 strains harbored a *yadC* gene [@bib0005]. A phylogenetic tree was constructed based on the alignment of these *yadC* sequences, and these *yadC* were divided into six subgroups ([Fig. 6](#fig0006){ref-type="fig"}a). The major topology of the tree based on *yadC* was very similar to that of the tree based on MLST genes of these 47 strains, implying that *yadC* is conserved as the housekeeping MLST genes ([Fig. 6](#fig0006){ref-type="fig"}a and b). The *yadC* gene was also found in 27 clinical UPEC isolates and was sequenced. The *yadC* sequences from the clinical strains and those from the representative strains (CFT073, UTI89, 11, Ec958, 4, 7) of the six separated subgroups were used to construct a phylogenetic tree. The clinical *yadC* sequences were separated into seven subgroups, with 85% belonging to the six subgroups, indicating that *yadC* is widely present in UPEC clinical strains and is conserved to maintain its function ([Fig. 6](#fig0006){ref-type="fig"}c).Fig. 6Phylogenetic analysis of *yadC*.Fig 6Phylogenetic trees of 47 UPEC strains with available genome sequences based on *yadC* (a) and MLST (b). Rectangles with different colors indicate different subgroups separated in the tree. (c) A phylogenetic tree of 27 clinical UPEC isolates and the representative strains (CFT073, UTI89, 11, Ec958, 4, and 7, indicated by red circles) of the six separated subgroups in (a). Rectangles with different colors indicate the corresponding subgroups in (a). The scales at the bottoms of the trees indicate the phylogenetic distance. Bootstrap values are displayed as percentages on the nodes (a--c). (d) Schematic diagram of YadC**-**mediated acute bladder infections and three treatment strategies.

4. Discussion {#sec0033}
=============

In this study, YadC, the tip-adhesin of Yad fimbriae, was identified to be important for UPEC infection of bladder epithelial cells in vitro and colonization in bladder during acute UTIs in vivo. Since Yad fimbriae is present in most UPEC isolates like type 1 fimbriae, we believe that YadC plays an important role in UPEC pathogenicity.

Due to deficiencies in antibiotic treatment of UTI, non-antibiotic therapeutics are necessary to be developed. Much attention has been focused on the anti-adhesion therapy targeting the fimbrial adhesins responsible for UPEC colonization. The most well-developed anti-adhesion therapy is based on FimH, the tip-adhesin of type 1 fimbriae. Mannose and its derivatives (mannosides), targeting FimH, have been proved to interrupt the binding and colonization of UPEC in bladder, thereby attenuating the virulence of UPEC. Most UPEC strains express multiple types of fimbriae during infection, and anti-adhesion therapy including multiple agents targeting different fimbriae will be more effective. Therefore, it is indispensable to develop anti-adhesion agents for other types of fimbrial adhesins. Identification of different fimbriae and their receptors on host cells, involved in UPEC colonization, is necessary to develop anti-adhesion therapy.

D-xylose was reported to bind to YadC [@bib0020]. In this study, we found that D-xylose inhibited YadC-mediated UPEC infection of bladder epithelial cells and colonization in bladder in vivo. D-xylose is a natural pentose sugar abundant in corn cobs, coconuts, seed hulls, and straw [@bib0043]. D-xylose supplements are beneficial for postprandial glycemic responses in subjects with normal glucose levels and patients with prediabetes [@bib0044]. D-xylose also improved serum lipids and attenuated lipid accumulation in the livers of high-fat diet-induced obese mice [@bib0045]. D-xylose has been used as sweetener because of its incomplete absorption [@bib0046]. In the intestine, D-xylose can selectively promote the proliferation of probiotics such as *Bifidobacterium*, making them to dominant intestinal flora, which could regulate intestinal micro-ecological balance and promote intestinal health [@bib0047]. However, the amount and potential adverse effects for D-xylose to treat and prevent human UTIs should be taken into consideration and carefully evaluated in further studies. In addition, whether treatment targeting YadC could enhance the therapy based on FimH should also be considered.

ANXA2 was identified as a potential receptor for bacteria such as *Pseudomonas aeruginosa* [@bib0028] and viruses such as respiratory syncytial virus (RSV) [@bib0029]. ANXA2 is also reported to be responsible for several viral and bacterial infections of epithelial cells, including human papillomaviruses (HPV), HCV, HIV, EHEC and *Salmonella Typhimurium* \[[@bib0030], [@bib0031], [@bib0048], [@bib0049], [@bib0050]\]. We found that ANXA2 was a receptor for YadC on bladder epithelial cells. YadC could bind to ANXA2 directly, and the ANXA2 is involved in YadC-mediated UPEC infection of bladder epithelial cells. Therefore, ANXA2 in epithelial cells could be a therapeutic target for acute UTIs.

BAPTA-AM, as a cytosolic calcium chelator inducing no cell damage, can prevent ethanol-induced locomotory stimulation without altered basal locomotion, reverse ethanol-induced hypnotic effects in Swiss mice and reduce ethanol consumption in male C57BL/6J mice [@bib0051]. In addition, BAPTA-AM nanoparticles have a renal-protective role in ischemia/reperfusion induced acute kidney injury [@bib0052]. We found that BAPTA-AM could decrease UPEC infection and colonization in bladder during acute UTIs. ANXA2 is reported to be involved in bacterial and viral infections by binding to S100A10, such as promoting cryptococcal transcytosis across the BMECs [@bib0032] and HPV internalization in epithelial cells [@bib0030]. We found that two compounds inhibiting the ANXA2-S100A10 interaction impeded YadC-mediated UPEC infection, indicating that YadC promotes UPEC infection depending on the binding of ANXA2 to S100A10; however, the specificity of the compounds need to be examined in further studies. Taken together, compounds targeting YadC, ANXA2, or the interactions between ANXA2 and S100A10 have the potential to treat acute UTIs ([Fig. 6](#fig0006){ref-type="fig"}d).
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